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A simple model, based on the relative occupancy of tetrahedral and octahedral sites by different
cations, is proposed for the magnetocrystalline anisotropy of mixed ferrite nanoparticles. According to
this model, the total magnetocrystalline anisotropy is the weighted average of the contributions of the
anisotropies of Fe3þ and M2þ ions in A and B sites. The model predictions are conﬁrmed in the case of
cobalt-zinc ferrite.
& 2012 Elsevier B.V. All rights reserved.1. Introduction
Nanosized ferrites display physical and chemical properties
which may be quite different from those of their bulk counter-
parts and have important technological [1] and biomedical [2]
applications. In particular, the magnetocrystalline anisotropy of
mixed ferrite nanoparticles can vary by a large amount [3]. It is
thus desirable to predict the magnetocrystalline anisotropy of a
particular ferrite based on its composition and on the known
properties of its constituents. In this work, we propose a relatively
simple method to do this kind of calculation and apply it to a
particular case, that of cobalt-zinc ferrite.2. The model
In the proposed model, in a mixed ferrite of the form
ðC2þa D2þb Fe3þc ÞA½C2þd D2þe Fe3þf BO24 ð1Þ
where C and D are divalent ions, A and B represent tetrahedral and
octahedral sites, respectively, aþbþdþe¼1 and cþ f¼2, the
magnetocrystalline anisotropy is given by
K ¼ aKACþbKADþcKAFeþdKBCþeKBDþ f KBFe ð2Þ
where Kji is the contribution of the magnetocrystalline anisotropy
of the i ion on the j site.ll rights reserved.
ax: þ55 21 2546 7049.
,3. Experimental procedure
In order to test our model, we made a series of samples
of composition Co1xZnxFe2O4, using the sol–gel/combustion
method [4], and determined the magnetocrystalline anisotropy of
the samples by Mo¨ssbauer spectroscopy and magnetic resonance.3.1. Sample preparation
Stoichiometric amounts of analytical grade Fe(NO3)3 9H2O,
Co(NO3)2 6H2O and Zn(NO3)2 6H2O were dissolved in deionized
water to obtain the starting solution. To this was added a 0.75 M
solution of citric acid (C6H8O7 H2O). The resulting solution was
stirred for 4 h at 60 1C, heated to 80 1C and kept at this tempera-
ture until the sol turned into a transparent gel. The gel was then
heated to 200 1C for 20 min so that auto-combustion would take
place. Finally, the product was annealed in a furnace for 30 min at
700 1C.3.2. Measurements
Mo¨ssbauer spectra were recorded at room temperature using a
source of 57 Co(Rh) with an activity of about 50 mCi.
Magnetic resonance spectra were recorded at room temperature
and 9.50 GHz using a Varian E-12 spectrometer with 100 kHz ﬁeld
modulation. The microwave power was 5 mW and the modulation
amplitude was 0.1 mT. The magnetic ﬁeld was calibrated with an
NMR gaussmeter.
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4.1. Mo¨ssbauer spectra
The Mo¨ssbauer spectra of samples of composition Co1xZnx-
Fe2O4 are shown in Fig. 1 for several values of x. The spectra were
ﬁtted to two subspectra, attributed to iron ions in tetrahedral and
octahedral sites. In samples with high zinc concentration (x¼0.8
and 1.0), two doublets were seen and attributed to superpara-
magnetic particles. In the sample with x¼1.0, a low intensity
sextet was also seen and attributed to a small concentration of
hematite.
In the sample with x¼0.6, the spectrum shows a doublet and a
broad sextet which is attributed to partially unblocked particles,
in the transition from the ferrimagnetic to the superparamagnetic
state [5]. In samples with x¼0.0, 0.2 and 0.4, two sextets are seen,
showing that the particles are in the ferrimagnetic state.
Table 1 shows the hyperﬁne parameters determined from the
spectra, where ISO is the isomeric shift, QUA is the quadrupole
splitting, WID is the linewidth, Bhf is the hyperﬁne ﬁeld, AREA is
the relative intensity of the subspectra and w2 is a measure of the
quality of the ﬁt.
The distribution of iron, cobalt and zinc ions between tetra-
hedral and octahedral sites was estimated using the area under
the Mo¨ssbauer spectra to determine the fraction of iron ions in A
and B sites and completing the site occupation with cobalt andFig. 1. Mo¨ssbauer spectra of samples of Co1xZnxFe2O4 for several values of x.
Table 1
Hyperﬁne parameters of the Mo¨ssbauer spectra.
Zn concentration (x) Site Subspectrum ISO (mm/s) Q
0 A Sextet 0.10 
B Sextet 0.29 
0.2 A Sextet 0.27 
B Sextet 0.19 
0.4 A Sextet 0.22 
B Sextet 0.18
0.6 A Doublet 0.23
B Sextet 0.40
0.8 A Doublet 0.08
B Doublet 0.25
A Doublet 0.36
1 B Doublet 0.20
– Sextet 0.25 zinc ions, taking into account the fact that zinc ions occupy
preferentially A sites and cobalt ions occupy preferentially B sites.
The results are shown in Table 2.
4.2. Magnetic resonance spectra
The magnetic resonance spectra of samples of composition
Co1xZnxFe2O4 are shown in Fig. 2(a)–(e) for x¼0.2, 0.4, 0.6,
0.8 and 1. The spectrum for x¼0 was too wide to be recorded. The
experimental results were ﬁtted to theoretical spectra using a
computer program developed by Taylor and Bray [6] for para-
magnetic resonance spectra and adapted by Griscom [7] for
ferromagnetic resonance spectra. The ﬁtting parameters are
shown in Table 3.5. Analysis
The magnetocrystalline anisotropy of the samples was com-
puted from the anisotropy ﬁeld using the relation [7]
K ¼ pMHA
2
ð3Þ
where M, the room temperature saturation magnetization of the
particles, was estimated using the experimental result [8] that the
saturation magnetization of the cobalt ferrite at room tempera-
ture is 83% of the saturation magnetization at 0 K and using for
the saturation magnetization at 0 K the expression
Mð0Þ ¼ 8nBmB
a3
ð4Þ
where nB is the effective number of Bohr magnetons, computed
from the cation distribution, mB is the Bohr magneton and a is the
lattice constant, assumed to be [9] 0.84 nm for all samples. As an
example, the detailed calculation of the effective number of Bohr
magnetons for x¼0.2 is shown in Table 4.
The results of the calculation for all samples are shown in
Table 5, where the computed values of the magnetocrystalline
anisotropy constant are shown in the last column on the right.UA (mm/s) WID (mm/s) Bhf (T) Area (%) w2
0.09 0.40 48.49 34.91 5.88
0.09 0.81 48.72 65.09
0.03 1.17 42.07 29.33 2.10
0.01 0.68 47.42 70.67
0.02 0.91 36.20 22.88 3.10
0.00 1.46 43.51 77.12
0.54 0.67 – 17.58 1.27
0.25 2.43 29.13 82.42
0.44 0.21 – 12.43 1.28
0.43 0.37 – 87.57
0.41 0.22 – 14.38 1.81
0.40 0.38 – 78.97
0.21 0.31 51,60 6.64
Table 2
Cation distribution of Co, Zn and Fe ions, estimated from the Mo¨ssbauer spectra.
Zn concentration (x) A site B site
0 Co0.30Fe0.70 Co0.70Fe1.30
0.2 Co0.21Zn0.20Fe0.59 Co0.59Fe1.41
0.4 Co0.14Zn0.40Fe0.46 Co0.46Fe1.54
0.6 Co0.08Zn0.57Fe0.35 Co0.32Zn0.03Fe1.65
0.8 Co0.04Zn0.71Fe0.25 Co0.16Zn0.09Fe1.75
1 Zn0.69Fe0.31 Zn0.31Fe1.69
Table 3
Magnetic resonance parameters.
Zn concentration
(x)
g-
factor
Anisotropy ﬁeld,
HA(T)
Intrinsic linewidth,
s(T)
0.2 2.10 0.10 0.28
0.4 2.10 0.08 0.22
0.6 2.10 0.06 0.12
0.8 2.10 0.04 0.10
1 2.10 0.02 0.04
R.S. de Biasi, L.H.G. Cardoso / Physica B 407 (2012) 3893–3896 3895In order to determine the magnetocrystalline constants of iron
and cobalt ions in sites A and B, we assumed that the experi-
mental value of the anisotropy constant for a given zinc concen-
tration is a linear combination of the anisotropy constants of iron
and cobalt, taking into account the relative occupancy of the sites.
The contribution of zinc ions to the anisotropy was taken to be
zero, since it is a nonmagnetic ion. We thus obtained the
following equations:
K0:2 ¼ 0:21KACoþ0:59KAFeþ0:59KBCoþ1:41KBFe ¼ 3:42 105 ð5ÞFig. 2. Magnetic resonance spectra of samples of Co1xZnxFe2O4 for several values of x.
Table 4
Calculation of the effective number of Bohr magnetons, nB, for Co0.6Zn0.2Fe2O4.
Site A B
Cation distribution Co0.21Zn0.20Fe0.59 Co0.59Fe1.41
Bohr magnetons per ion Co2þk0.213 Zn2þk0.200 Fe3þk0.595 Co2þm0.593 Fe3þm1.415
Total number of Bohr magnetons in each site Co2þþZn2þþFe3þk3.58 Co2þþFe3þm8.82
Total number of Bohr magnetons, nB 8.823.58¼5.24
Table 5
Calculation of the anisotropy constant of Co1xZnxFe2O4 samples.
x nB M(0) (A/m) M (A/m) HA(T) K (J/m
3)
0.2 5.24 6.56105 5.44105 0.10 3.42105
0.4 6.37 7.94105 6.59105 0.08 3.32105
0.6 7.24 8.96105 7.44105 0.06 2.79105
0.8 7.87 9.77105 8.11105 0.04 2.17105
1 6.92 8.54105 7.08105 0.02 6.68104
Fig. 3. Comparison between theoretical (circles) and experimental (squares)
values of the anisotropy constant in cobalt-zinc ferrite nanoparticles. The star is
the experimental result for bulk cobalt ferrite reported by Shenker [10]. The lines
are only guides the eye.
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K0:6 ¼ 0:08KACoþ0:35KAFeþ0:32KBCoþ1:65KBFe ¼ 2:79 105 ð7Þ
K0:8 ¼ 0:04KACoþ0:25KAFeþ0:16KBCoþ1:75KBFe ¼ 2:17 105 ð8Þ
K1:0 ¼ 0:31KAFeþ1:69KBFe ¼6:68 104 ð9Þ
where KACo, K
A
Fe, K
B
Co and K
B
Fe are the cobalt and iron anisotropy
constants in sites A and B.
A multiple regression analysis of Eqs. (5–9) yielded the
following values for the anisotropy constants:
KACo ¼ 7:66 105 J=m3
KAFe ¼1:18 106 J=m3
KBCo ¼ 1:07 106 J=m3
KBFe ¼ 1:78 105 J=m3
Once the anisotropy constants of cobalt and iron in A and B
sites are known, it is possible to calculate the anisotropy ofundiluted cobalt ferrite using an equation analogous to Eqs. (4–8)
K0:0 ¼ 0:3KACoþ0:7KAFeþ0:7KBCoþ1:3KBFe ð10Þ
Substituting the values of the anisotropy constants, we obtain
K0:0 ¼ 3:84 105 J=m3
which is close to the experimental value [10] for bulk cobalt
ferrite, 3.53105 J/m3.6. Discussion
Fig. 3 shows a comparison between the experimental values of
the anisotropy (squares) and the theoretical values calculated
using the proposed model (circles). The agreement is very good,
suggesting that the proposed model is basically sound. This
means that once we know the values of the anisotropy constants
of Fe3þ , C2þ and D2þ in tetrahedral sites and octahedral sites,
where C and D are divalent cations, it should be possible to
estimate the anisotropy constant of a ferrite with composition
ðC2þa D2þb Fe3þc ÞA½C2þd D2þe Fe3þf BO24 , a useful resource when for-
mulating new nanomaterials for technological and/or biomedical
applications.7. Conclusions
In this work, a simple model is proposed for the magnetocrys-
talline anisotropy of mixed nanocrystalline ferrites. The model
was tested for one particular case, that of cobalt-zinc ferrite, with
promising results. It remains to be seen whether the model can be
applied with the same success to the more complicated cases
where both divalent ions are magnetic.Acknowledgment
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